Cytochrome P450 monooxygenases (P450s) are attractive enzymes for the pharmaceutical industry, in particular, for applications in steroidal drug synthesis. Here, we report a comprehensive functional and structural characterization of CYP109E1, a novel steroid-converting cytochrome P450 enzyme identified from the genome of Bacillus megaterium DSM319. In vitro and whole-cell in vivo turnover experiments, combined with binding assays, revealed that CYP109E1 is able to hydroxylate testosterone at position 16b. Related steroids with bulky substituents at carbon C17, like corticosterone, bind to the enzyme without being converted. High-resolution X-ray structures were solved of a steroid-free form of CYP109E1 and of complexes with testosterone and corticosterone. The structural analysis revealed a highly dynamic active site at the distal side of the heme, which is wide open in the absence of steroids, can bind four ordered corticosterone molecules simultaneously, and undergoes substantial narrowing upon binding of single steroid molecules. In the crystal structures, the single bound steroids adopt unproductive binding modes coordinating the heme-iron with their C3-keto oxygen. Molecular dynamics (MD) simulations suggest that the steroids may also bind in~180°reversed orientations with the C16 carbon and C17-substituents pointing toward the heme, leading to productive binding of testosterone explaining the observed regio-and stereoselectivity. The X-ray structures and MD simulations further identify several residues with important roles in steroid binding and conversion, which could be confirmed by site-directed mutagenesis. Taken together, our results provide unique insights into the CYP109E1 activity, substrate specificity, and regio/stereoselectivity.
Introduction
Cytochrome P450 monooxygenases (P450s) constitute a large superfamily of enzymes, found in all domains of life, which catalyze oxygen-mediated hydroxylation of a wide variety of aromatic and aliphatic compounds. In nature, these enzymes play essential roles in metabolic processes like steroid biosynthesis, fatty acid metabolism, or biotransformation of drugs and other xenobiotics. In the laboratory and biotechnological industry, they are considered as high potential biocatalysts, owing to their ability to selectively oxidize unreactive C-H bonds at mild conditions [1] . Their application toward cost-effective and environmentally friendly production of steroid derivatives is of particular interest, considering the wide use of such compounds as therapeutic agents [2, 3] . Currently more than 300 steroid drugs are authorized, making them the most marketed group of products in the pharmaceutical industry [4] . The ability of P450s to perform regioselective and stereoselective hydroxylation of steroids has led to an ongoing search and characterization of new enzymes, in particular from prokaryotic sources, as these are more amenable to industrial application than their eukaryotic counterparts [5] .
To efficiently handle P450s and to design improved variants for synthetic applications, it is crucial to understand the structure-function relationships governing their substrate specificity and regio-and stereoselectivity [6, 7] . Although a wealth of functional and structural data are available for these enzymes, it has proven difficult to pinpoint the molecular determinants of their different specificities. Crystal structures of P450 enzymes from mammalian and bacterial sources have revealed a high conformational variability, despite their common overall fold [8] [9] [10] . In particular, a few characteristic, highly flexible regions around the P450 distal heme pocket (the BC loop, F and G helices together with the FG loop) are associated with substrate access, substrate binding and product release. Understanding substrate binding and conversion by P450s requires the analysis of crystallographic 'snapshots' of their open (substrate-free) and closed (substrate-bound) states, which frequently are not available for individual P450s. Combining findings from X-ray crystallography, computational docking, and MD simulations has significantly increased the understanding of mammalian and bacterial P450s [11, 12] . Nevertheless, for new, soluble, prokaryotic P450s, structural characterization is indispensable for adapting them to specific biotechnological applications.
To date, only a few bacterial steroid-specific P450s have been functionally and structurally characterized. Recently published examples include CYP106A2 from Bacillus megaterium ATCC 13368 [13] , CYP154C5 from Nocardia farcinica [14] , CYP154C3 from Streptomyces griseus [15] , and CYP109B1 from Bacillus subtilis [16] . Of these, CYP154C5 is of particular interest, as it exhibits an exceptionally high regio-and stereoselectivity to various pregnanes and androstanes, including pregnenolone, progesterone, testosterone, and androstenedione, yielding only 16a-hydroxylated steroids.
Crystal structures of steroid-bound CYP154C5 reveal a narrow, nearly closed active site, mostly hydrophobic with two opposing polar regions, perfectly matching the size and polarity distribution of the steroids. The apolar/polar shape complementarity leads to a highly ordered binding mode of the steroids, with the a-face of their C16 carbon at a suitable distance from the heme-iron for allowing a radical attack by the reactive iron-oxo species (compound I) of the catalytic cycle, thus explaining the high regioand stereoselectivity of the enzyme. Of the other two enzymes, CYP109B1 is of interest as it represents the first member of the CYP109 family of which a crystal structure has been determined. It was crystallized in an 'open' conformation with no ligands bound in the active site. Sequence alignment with different CYP109 family members, and members of related P450 families, suggested that variations in the so called BC loop, one of the common P450 regions involved in substrate binding, may primarily account for the diverse substrate specificities among these enzymes.
Recently, the genomes of Bacillus megaterium DSM319 [17] and ATCC 13368 were sequenced, allowing exploration of their cytochrome P450 complement. Its analysis has resulted in the identification and characterization of several novel steroid-converting P450s [18] [19] [20] [21] . Here, we report the functional and structural properties of CYP109E1 from B. megaterium DSM319. Using in vitro and in vivo turnover experiments, we demonstrate that the enzyme converts testosterone to 16b-hydroxytestosterone with a high stereo-and regioselectivity. Crystal structures of CYP109E1 were determined both in steroid-free and steroid-bound states allowing a detailed analysis of the interactions and conformational changes associated with steroid binding. In addition, we employed MD simulations to test putative productive steroid-binding modes in the active site pocket of CYP109E1, leading to a better understanding of the structural determinants of the enzyme's activity.
Results

Identification and bioinformatic analysis of CYP109E1
The cyp109e1 gene was identified in the genome of B. megaterium DSM319 by the same bioinformatic search strategy used previously for identifying cyp106a1 [20] . A multiple amino acid sequence alignment of CYP109E1 (UniProtKB entry d5dki8) with its closest homologs is presented in Fig. 1 . Classification of the enzyme into the CYP109 family was based on the conventional P450 nomenclature system [22] . Indeed, CYP109E1 shares close similarity with other characterized CYP109 family members, that is, CYP109B1 from B. subtilis strain 168 (47% sequence identity), CYP109A1 from B. subtilis strain W23 (43% sequence identity), and the three fatty acid-oxidizing proteins CYP109C1, CYP109C2, and CYP109D1 from Sorangium cellulosum strain So ce56 (39%, 41%, and 33% sequence identity, respectively) [16, 23, 24] . However, the phylogenetic tree ( Fig. 2) indicates that CYP109E1 shares the closest similarity with CYP106A1 from the same organism (42% amino acid sequence identity). This close relationship, which has been noted also for other CYP109 and CYP106 family members from Bacillus species [25] , may indicate that these enzymes convert similar substrates.
Expression, purification, and spectroscopic characterization of CYP109E1 CYP109E1 was expressed in E. coli as a soluble protein, containing the gene-encoded residues 1-404, fused to a C-terminal polyhistidine tag. Purification was accomplished by employing a three-step purification strategy, including anion-exchange, size-exclusion, and mixed mode ion-exchange chromatography. Immobilized metal ion affinity chromatography was on purpose excluded from the purification protocol to eliminate the risk of imidazole affecting the functional assays and crystallization experiments. Typically, 25 mg of pure protein was obtained from 0.5 L of expression culture, with an estimated purity of > 95% as judged by SDS/PAGE. Analysis of UV-visible absorption and reduced CO-difference spectra of reduced CYP109E1 revealed all characteristic P450 peaks, confirming the structural integrity of the protein with correct incorporation of the heme cofactor. The purified protein thus obtained was used for subsequent functional and structural characterization.
Substrate screening, conversion, and product identification
Considering the close phylogenetic distance between CYP109E1 and CYP106A1, it was proposed that steroids being substrates of CYP106A1 could also be suitable ligands for CYP109E1. The potential of CYP109E1 as a steroid hydroxylase was, therefore, tested in ligand-binding experiments using a library of 13 steroids (Table 1, see Table S2 for chemical structures). Six steroids induced a type I spectral shift upon titration to CYP109E1: androstenedione (1), corticosterone (4), deoxycorticosterone (5), dexamethasone (7), testosterone (11) , and testosterone acetate (12) , indicating displacement of the axial heme water and thus marking them as potential CYP109E1 substrates. However, several studies have shown that, on one hand, not all compounds inducing type I shift are substrates of P450s [19, 26, 27] while, on the other hand, substrates do not always induce a type I spectral shift [18] . Consequently, all 13 steroids were further subjected to an in vitro CYP109E1-dependent enzymatic conversion assay, using bovine adrenodoxin and adrenodoxin reductase (Adx and AdR) as surrogate redox partners for the reconstitution of P450 activity. Most steroids were not converted by CYP109E1 (including all steroids which did not induce a type I spectral shift) or showed only very low to negligible conversion rates (< 10%). Only testosterone (11) showed substantial turnover by CYP109E1, and analysis of the reaction mixture by HPLC revealed one main (69%) and one minor (14%) product (Fig. 3) , with a catalytic activity of 4.35 and 0.93 nmol productÁ(nmol P450)
respectively. Structure determination of these products by NMR spectroscopy required a substantial increase in their amounts, which could not easily be accomplished with the in vitro activity assay. This was the incentive for developing a B. megaterium whole-cell system overexpressing CYP109E1, thus allowing the conversion of substrates under more optimal in vivo conditions and without the need of surrogate P450 redox partners. Testosterone turnover by CYP109E1 was successfully reproduced in the B. megaterium whole-cell system, enabling conversion of 26 mg of testosterone (300 lM) within 6 h to 19 mg and 5 mg of the main and minor product, respectively. Structure elucidation by NMR identified the main product as 16b-hydroxytestosterone and the side product as androstenedione (Table S3 ). The formation of androstenedione as a side product may be the result of a weak hydroxylation activity toward the C17 atom of testosterone, yielding a 17,17-gem-diol intermediate that subsequently dehydrates to the corresponding oxocarbon.
To investigate whether the differences in the conversion of compounds inducing a type I spectral shift are due to major differences in binding to CYP109E1, we compared the affinities of testosterone (converted substrate) and corticosterone (bound, but not converted). Quantitative analysis of the spectral shift titration data revealed that both compounds displayed very similar binding affinities to CYP109E1 with a dissociation constant (K D ) of 105 AE 10 lM and 91 AE 8 lM, respectively (Fig. 4) . Thus, the highly selective activity of CYP109E1 toward testosterone, versus no conversion of corticosterone, is not correlated with a difference in steroid-binding affinity. In summary, the functional experiments revealed that CYP109E1 displays a rather narrow steroid-binding specificity, with relatively weak-binding affinities, and is able to hydroxylate testosterone to 16b-hydroxytestosterone with very high regio-and stereoselectivity.
Overall structure of steroid-free CYP109E1
To evaluate the structural basis for the selectivity of steroid binding and conversion, crystallization of CYP109E1 in the presence and absence of a substrate was performed. Purified CYP109E1 was successfully crystallized in the absence of steroids, and its crystal structure was solved and refined to a 2.55 A resolution (see Table 2 for the relevant data collection and refinement statistics). The CYP109E1 crystals contain two protein molecules in the asymmetric unit. Both polypeptide chains, and their associated heme cofactors, are well defined in the electron density, except for residues 1-20 and the Cterminal His 6 -tags. Since the two crystallographically independent CYP109E1 molecules have nearly identical conformations [the root mean square deviation (RMSD) of Ca-backbone atoms is 0. 34 A for 374 aligned residues], we will restrict the description to only one of them. CYP109E1 adopts the characteristic triangular 'P450-fold' and contains 13 a-helices, two 3 10 helices, and 10 b-strands (arranged in a fivestranded sheet, three-stranded sheet, and a b-finger, Fig. 5A ). The overall fold of the P450 enzyme is well conserved: the closest structural homolog of CYP109E1 is substrate-free CYP109B1 from B. subtilis (PDB entry 4rm4, RMSD of Ca-backbone atoms of 1.19 A for 347 common residues). A unique feature of the CYP109E1 structure is presented by its G helix (following nomenclature of secondary , and CYP109D1 are from Sorangium cellulosum So ce56; CYP109A1 and CYP109B1 are from B. subtilis W23 and 168, respectively. The UniProtKB accession numbers are given next to the associated CYP names. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. adopts an open conformation with a spacious active site pocket at the distal side of the heme, which is freely accessible to solvent (Fig. 5B) . The heme cofactor is bound between the I and L helices, with the thiolate group of Cys352 serving as the fifth ligand of the heme-iron. No electron density was observed for a water molecule coordinating the heme-iron as a sixth ligand. Instead, a small blob of electron density was visible at about 4 A distance from the heme, but the density was of insufficient quality to allow identification of the bound ligand. The noncovalent interactions between CYP109E1 and its heme are highly similar as in other class I P450s. Stabilization is provided by van der Waals interactions between the heme core and several apolar protein side chains, and by ion pairs formed between the heme propionates and the side chains of highly conserved residues His92, Arg96, Arg294, and His350.
Active site pocket of steroid-free CYP109E1
The geometry of the active site pocket in the open form of CYP109E1 was analyzed in more detail. As shown in Fig. 5B , it resembles a funnel, wide open at the entrance but becoming more constricted as it leads toward the heme. The structural regions surrounding the active site pocket are equivalent to the six substrate recognition sites commonly found in P450s [29] : the BC loop (substrate recognition site 1 or SRS1), parts of the F and G helices (SRS2 and SRS3, respectively), the central segment of the I helix (SRS4), the n/a n/a 35.29 n/a Corticosterone (COR) n/a n/a n/a 43.43 COR-1 n/a 48.66 n/a n/a COR-2 n/a 77.89 n/a n/a COR-3 n/a 86.81 n/a n/a COR-4 n/a 56.60 n/a n/a Malonic acid (MLA) n/a n/a n/a 42. region connecting helix K and strand b5 (SRS5) and the b9-b10 turn (SRS6). Close to the heme, the active site is very hydrophobic and its surface is roughly built of two rings of residues. The first ring (closest to the heme) contains residues Ile85 (BC loop); Leu238, Ala242, and Thr246 (I helix); Pro288, Val289, and Leu292 (K-b5 loop). Many of these residues are highly to moderately conserved among P450s, for example, Thr246, Ala242, or Val289, in agreement with common roles in catalysis and substrate binding [30] . The second ring contains residues Arg69, Leu80, and Asn86 (BC loop); Ile168 and Val169 (F helix); Ile241 and Glu245 (I helix); Phe391 and Val392 (b9-b10 turn). Residues Arg69, Asn86, and Glu245 form two polar-charged surface patches located at opposite sides of the active site pocket. Further away from the heme, near the entrance of the active site pocket, residues are mostly polar charged. Active site residues in the second ring, and residues at the entrance of the active site pocket in CYP109E1, show substantial divergence with respect to other P450s, including the testosteronehydroxylating enzymes like CYP109B1 from B. subtilis or CYP154C5 from N. farcinica.
Structures of CYP109E1 with single bound corticosterone or testosterone
To characterize how steroids interact with CYP109E1, crystal structures of CYP109E1 with bound corticosterone (type I shift, but no substrate) or testosterone (type I shift, substrate) (CYP109E1-COR and CYP109E1-TES) were obtained by cocrystallization and refined at 2.25-2.1 A resolution (see Table 2 for details). Like the steroid-free crystals, the steroidbound cocrystals contain two polypeptide chains per asymmetric unit (solvent content of 49%), yet they belong to a different space group and show a different crystal packing geometry. Only one of the two unique CYP109E1 protein molecules in each cocrystal has a bound steroid. The protein molecules lacking a bound steroid adopt an open conformation similar to that of steroid-free CYP109E1. No electron density is present for the BC loop, FG loop, and several residues at the end of the G helix, indicating that these regions are significantly disordered. In the protein molecules with a bound steroid, a remarkable narrowing and partial closure of the active site pocket is observed, allowing most substrate-binding regions to closely approach and interact with the steroids. The F and G helices, together with the FG loop, show the largest displacement, while the BC loop and b9-b10 turn show smaller readjustments (Fig. 6A ). The central part of the BC loop (residues 71-75) is highly disordered and could not be resolved in the electron density map. The conformational change in the FG helices is accompanied by reorientations of the H helix and HI loop. In addition, a local widening of the I helix is observed at residues 242-246, creating a groove which allows close packing of the steroids near the heme. A similar groove in the I helix has also been observed in other substrate-bound bacterial P450 structures, and its substrate-induced conformation is believed to play an important role in oxygen activation and proton delivery [31] . Interestingly, four ordered water molecules are found at the interface of the I and E helix, two of which are located in the groove of the I helix (Fig. 7) . The four waters form a continuous hydrogen-bonded network, which includes the main-chain carbonyls of Ala242 and Gly243, the side-chain hydroxyl groups of Thr246 and Thr247, and the main-chain amide of Thr248. Although the network is not directly connected to bulk solvent (the distance with the nearest water bound at the protein surface is 5.3 A), it correlates well with the so called 'solvent channel' found in many P450s, located between the F, E, and I helices, which is believed to serve as a water access channel and/or proton delivery network [32] .
Electron density of the bound steroids was of sufficient quality to allow a clear characterization of their binding modes (Fig. 6B, C) . Both steroids show an unproductive binding mode: the corticosterone and testosterone molecules are bound in roughly perpendicular orientations relative to the heme plane, with their C3-keto oxygen atoms coordinating the heme-iron at the sixth axial position. The b-faces of the steroids are oriented toward the I helix, while the C17 substituents are pointing away from the heme toward the entrance of the active site pocket. The two steroids are mainly bound by van der Waals and hydrophobic interactions. Residues in the active site pocket making hydrophobic interactions with the steroids are Leu80 (BC loop, SRS1), Ile168, Val169 (F helix, SRS2), Leu238, Ile241, Ala242, Thr246 (I helix, SRS4), Val289, Ala291, His293 (K/b5 connecting region, SRS5), and Phe391, Val392 (b9-b10 turn, SRS6). No direct hydrogen bonds are observed between the protein and the two steroid molecules. In the structure with bound corticosterone, a malonic acid molecule is present in the active site forming van der Waals contacts with ring B of the steroid (Fig. 6C) . The malonic acid molecule is further stabilized by hydrogen bonds with His293 (SRS5) and one of the heme-propionate groups, and by van der Waals contacts with residues Arg69, Ile85 (SRS1), Leu292 (SRS5), and Phe391 (SRS6). Its presence is most likely a crystallographic artifact, as malonic acid is the major component of tacsimate, the reagent used in the crystallization of CYP109E1-COR.
Multiple corticosterone-bound CYP109E1 structure
An additional structure of corticosterone-bound CYP109E1 was obtained at 2. 2 A resolution by soaking the steroid into pregrown, steroid-free crystals (CYP109E1-COR4, Table 2 ). Interestingly, the corticosterone-soaked crystals display a water as the sixth axial ligand of the heme-iron and multiple steroid binding (four corticosterones, Fig. 8 The four steroids are bound in different orientations and show substantial intermolecular van der Waals contacts between their steroid rings. COR-1 is pointing with its bulky C17-substituent toward the heme and its C21-hydroxyl group forms a hydrogen bond with a water molecule coordinating the heme-iron (Fig. 8B) . Additional interactions of this steroid at the active site pocket include two direct hydrogen bonds, between the C3-keto oxygen and the side chain of Lys187 (SRS3) and between the C11-hydroxyl group and the main-chain carbonyl oxygen of Ile241 (SRS4), two water-mediated hydrogen bonds, between the C11-hydroxyl group and the side chain of Glu245 and between the C21-hydroxyl group and the main-chain carbonyl group of Ala242 (SRS4), as well as several hydrophobic contacts with residues Ile85 (SRS1), Ile168, Val169 (SRS2), Thr246 (SRS4), Val289 (SRS5), and Val392 (SRS6). The other three corticosterones also make specific contacts with the protein (interactions described in detail in Table S4 ).
Modeling of regio-and stereoselectivity of CYP109E1
In the CYP109E1-TES crystal structure, the shape of the electron density for the bound steroid suggested that testosterone may perhaps adopt an alternative, reversed binding mode, in which the C16 and C17 carbons are located close to the Fe atom (~4 A), consistent with the observed activity of CYP109E1. Addition of such a putative productive binding mode in the refined CYP109E1-TES structure resulted in a poor fit to the observed electron density, thus, we assume that testosterone predominantly adopts the unproductive binding mode in the protein crystals. Therefore, to explore the molecular basis of its selective steroid conversion and regio/stereoselectivity, MD simulations of the CYP109E1-oxoferryl species (compound I) in complex with corticosterone or testosterone were performed. Starting models for the MD simulations were based on the CYP109E1-TES structure in which the crystallographically observed testosterone molecule was replaced by docked steroids (corticosterone or testosterone) in reversed orientations, with the C16 carbon atom or C17 substituents oriented toward the heme-iron. Steroid conversion and regio/stereoselectivity of the CYP109E/steroid complexes were modeled by assigning each frame of the MD simulation as being in either a near-attack conformation or in a nonproductive conformation, on the basis of distance and angle cutoffs, following previously published procedures [33] [34] [35] . The number of near-attack conformations was the highest for MD simulations with testosterone, where 16% of the simulation frames revealed near-attack conformations suggesting formation of 16b-hydroxytestosterone (pro-16b, 99%) or androstenedione (pro-17a, 1%). No pro-16a near- attack conformations occurred in the simulations, in accordance with the observed stereoselectivity of the enzyme. Interactions of one of the most frequently visited testosterone-binding poses were analyzed in detail (Fig. 9) . The testosterone molecule is positioned optimally for abstraction of the C16b-hydrogen, and forms hydrophobic interactions with the same residues as in the CYP109E1-TES crystal structure, that is, Leu80 (SRS1), Ile168 (SRS2), Ile241 and Thr246 (SRS4), Val289 (SRS5), Phe391 and Val392 (SRS6). In addition, the testosterone C3-keto oxygen is in hydrogen-bonding distance to Lys187 (SRS3). In the case of corticosterone, only 0.8% of the MD simulation frames showed near-attack conformations (suggesting generation of a 16a-hydroxylated product). The results are in concordance with the lack of experimentally observed corticosterone conversion by CYP109E1.
Site-directed mutagenesis
To substantiate the crystallographic and modeling results, single alanine mutations were prepared of a few selected residues (Val169, Lys187, Ile241, Glu245, and Thr246) in the active site pocket of CYP109E1 and their effect on CYP109E1-catalyzed conversion of testosterone was analyzed using the in vitro activity assay ( Table 3 ). Replacement of Val169 and Ile241 by alanine resulted in almost complete abolishment of 16b-hydroxytestosterone production, confirming the importance of these residues for productive steroid binding. The K187A mutation also caused a decrease in activity compared to the wild-type enzyme, but the effect is much smaller than for the V169 and I241 mutations. Thus, the hydrogen bond of the testosterone C3-keto group with the side chain of Lys187, as observed in the MD simulations, is not a crucial interaction for productive binding of testosterone. Interestingly, alanine mutations of Glu245 and Thr246 (the conserved 'acid-alcohol' pair) led to opposite effects on CYP109E1 activity toward testosterone. While the T246A mutation resulted in a drastic decrease in 16b-hydroxytestosterone production, the E245A mutation did not significantly affect the CYP109E1 activity. These results support the relevance of the water channel observed in the single steroid-bound CYP109E1 structures, and implicates a role for Thr246, but not Glu245, in proton delivery and oxygen activation within the active site.
Discussion
Only a few bacterial P450s have been characterized that are able to hydroxylate testosterone at different positions in the steroid skeleton, with high regio-and stereoselectivity [36] . Recent examples include CYP109B1 from B. subtilis and CYP154C5 from N. farcinica, which produce 15b-and 16a-hydroxylated testosterone, respectively [37, 38] . CYP109E1 from B. megaterium is the first example of a wild-type bacterial P450 showing highly selective 16b-hydroxylase activity toward testosterone. Production of 16b-hydroxytestosterone has previously been observed with specific P450 BM3 mutants, obtained by protein engineering, but these mutants do not display the same high level of regio-and stereoselectivity as CYP109E1 [39] [40] [41] . Similarly, various mammalian P450s are able to hydroxylate testosterone at position 16b, but they lack sufficient regio-and stereoselectivity. Low solubility and generally low expression levels of mammalian P450s further hinder their biotechnological use [42] . In contrast, the successful development of a CYP109E1-catalyzed whole-cell system for the production of 16b-hydroxylated testosterone, as reported here, demonstrates the potential of this bacterial enzyme for biotechnological applications.
To further improve CYP109E1 for biotechnological purposes and to better understand its structurefunction relationships, crystal structures of CYP109E1 with and without steroids were obtained, revealing interesting features related to steroid binding and protein conformational dynamics. The structures confirm the general view that P450s possess a highly dynamic active site, which exists in a primarily open state in the absence of bound substrate, but changes toward a more closed state when the substrate is bound. Unexpectedly, and for the first time, crystal structures have revealed a P450 distal pocket with either four ligand molecules or only a single ligand molecule bound in a distinct way. Arguably, the presence of four bound corticosterone molecules in the open active site pocket of CYP109E1 is a crystallographic artifact, as it is influenced by the high concentration of the steroid in the crystal-binding experiment. Furthermore, crystalpacking interactions in the CYP109E1-COR4 structure effectively lock CYP109E1 in an open conformation, resisting the conversion into the closed structure expected upon substrate binding. On the other hand, the crystallographically observed binding of multiple corticosterone steroids to the open form of CYP109E1 may represent a snapshot of the initial substrate recognition and binding events. Multiple substrate binding occurs in other P450s, and has been implicated in the mechanisms of homo-and heterotopic cooperativity observed in mammalian P450s enzymes [43, 44] . There are no indications, however, for cooperative steroid binding by CYP109E1, as evident from the hyperbolic binding curves derived from the P450 spectral shift titration assays (no sigmoidal fit).
The single steroid-bound structures of CYP109E1 in the closed conformation, complemented with the MD simulations and site-directed mutagenesis results, provide clear insights on how this enzyme accomplishes selective 16b-hydroxylation of testosterone. The narrow shape of the active site pocket in the closed form of the enzyme, and the almost exclusively hydrophobic surface of the active site walls near the heme, restrict the binding modes of the steroids to an orientation in which their longitudinal axis is roughly perpendicular to the heme plane. Two main binding modes are possible for 3-oxo-D 4 -steroids like testosterone and corticosterone, with either the C3-keto oxygen down (toward heme) and C17-substituent up (away from heme) or with the C17-substituent down and C3-keto oxygen up. The first binding mode may have a possible inhibitory effect, by preventing oxygen binding to the hemeiron. Although it should be noted that coordination of the keto C3-group is less likely to occur with reduced iron in the ferrous state. The second binding mode may lead to 16b-hydroxylation for steroids carrying a small C17 substituent, like testosterone, as supported by the MD simulations which show a substantial number of pro-16b productive conformations. Bulky polar C17 substituents (as in corticosterone) most probably cause a steric hindrance, blocking an optimal approach of the C16 carbon to the heme-iron, and result in steroids being bound in unproductive conformations (as supported by our MD simulations with corticosterone). For testosterone, a third, minor productive binding mode positions the a-face of the C17 carbon close to the heme-iron, (in MD simulations a few pro17a near-attack conformations were observed), so that a second hydroxylation at this position can occur followed by removal of a water molecule, explaining the production of androstenedione as a side product. A similar oxidation reaction has very recently been observed with CYP106A1 where an 11-oxidase activity toward 11-hydroxy steroids was demonstrated [19, 45] .
The molecular basis for the stereoselectivity of CYP109E1 toward 16b-hydroxylation of testosterone is further clarified by a structural comparison with CYP154C5, which converts testosterone to 16a-hydroxytestosterone. The shape and volume of the active site pockets in the testosterone-bound crystal structures of these two enzymes are significantly different, which is primarily due to the highly variable BC loop. This loop is much longer in CYP154C5 and functions as a lid that almost completely locks the active site pocket. A closure to this extent is not observed in the testosterone-bound CYP109E1 structure. Although near to the heme, the active site pocket in testosterone-bound CYP109E1 is more restricted roughly perpendicular in the CYP109E1-TES structure, while more-or-less parallel in the CYP154C5-TES complex. While the perpendicular binding mode of testosterone is optimal for C-H abstraction from the b-face of the C16 carbon, the parallel binding orientation in CYP154C5-TES positions the a-face of the testosterone C16 carbon close to the heme-iron, explaining the difference in stereoselectivity of these enzymes [14] . The parallel binding orientation of testosterone in CYP154C5 is stabilized by interactions of the apolar steroid ring system with hydrophobic residues from two opposite regions (BC loop and I helix) in the active site pocket. The polar C17 substituent forms a hydrogen bond with Gln398 (from SRS6), while the C3 substituent is bound near to Gln239 in a solvent-accessible pocket. In CYP109E1, the equivalent residues to Gln239 and Gln398 of CYP154C5 are Ile237 and Val392, respectively (Fig. 6D) . Lack of polar residues in the active site pocket near the heme thus prevents a similar binding orientation of testosterone in CYP109E1 as in CYP154C5. In addition, the side chains of Leu80 (BC loop) and Ile241 (I helix) in CYP109E1 pose a steric hindrance to the incoming steroid molecule, favoring a perpendicular over a parallel binding orientation. Thus, the difference in stereoselectivity between CYP109E1 and CYP154C5 toward C16-hydroxylation of testosterone is a result of the differences in the shape and the apolar/polar surface distribution of their active site pocket, leading to a different binding orientation of the steroid relative to the heme.
In conclusion, we have identified CYP109E1 as a novel steroid-hydroxylating cytochrome P450 enzyme from Bacillus megaterium DSM319, with the ability to selectively convert testosterone to 16b-hydroxytestosterone. Our combined structural, biochemical, and molecular modeling studies provided several insights into the molecular basis of steroid binding by CYP109E1 and of its regio-and stereoselectivity toward testosterone. First, binding of single steroid molecules like testosterone and corticosterone stabilizes a change in the active site pocket toward a more closed and narrow conformation. The steroid-induced structural changes include the local widening of the central I helix, which is coupled with the formation of a water channel believed to function as a water access channel and/or proton delivery network during catalysis. Secondly, the steroids may bind in two opposite orientations, with either their C3-keto oxygen or their C16 carbon and C17 substituent directed toward the heme. The first orientation leads to nonproductive binding. The second orientation results in productive binding for testosterone, and nicely explains the high selectivity toward 16b-hydroxylation. The larger C17 substituent of corticosterone, and the presence of its C21-hydroxyl group, prohibit productive binding of this steroid. Our results will facilitate future protein engineering experiments to improve this enzyme for biotechnological applications.
Experimental procedures
Materials
The steroid compounds used in this study were obtained from Sigma-Aldrich (Steinheim, Germany). All other chemicals were of highest grade available.
Bioinformatics analysis
Identification of close homologs and comparison of protein sequences were performed using the Basic Local Alignment Search Tool (BLAST, NCBI). Multiple sequence alignment was done with Clustal Omega [46] and visualized with ESPript3 [47] . Evolutionary analysis was carried out using Molecular Evolutionary Genetics Analysis (MEGA) version 6.0 software [48] . The phylogenetic tree was constructed using the Neighbor-joining method [49] and the evolutionary distances were computed using the Poisson correction method [50] .
Cloning of wild-type enzyme
The gene encoding CYP109E1 (GenBank GeneID 9119265) was amplified by the PCR using genomic DNA of B. megaterium MS941, a mutant form of B. megaterium, derived from the DSM319 strain [51] . The PCR primers were designed (MWG-Biotech AG, Ebersberg, Germany) to introduce an NdeI restriction site at the 5 0 end of the fragment and a KpnI restriction site with a 6-histidine tag at the 3 0 end. Following the amplification of the cyp109e1 gene, the PCR product was cloned into the pCR4Bl-TOPO vector (Invitrogen, San Diego, CA, USA) and the vector was further digested with the restriction enzymes cutting at the above-mentioned sites and ligated into the expression vector pET17b (Merck Bioscience, Bad Soden, Germany), creating the pET17b_109E1 vector. The cyp109e1 gene was further amplified by PCR from the previously constructed pET17b expression vector using PCR primers designed to include a SpeI restriction site at the 5 0 end and a KpnI restriction site at the 3 0 end of the fragment. The resulting PCR product was subcloned in the pCR4-TOPO vector and digested with the corresponding restriction enzymes. The fragment was then ligated to the previously linearized pSMF2.1 vector [52] , yielding the pSMF2.1E construct. Sequences of the designed primers are given in supplementary Table S1 . Sequences of all created vectors were verified by DNA sequencing, carried out by Eurofins-MWG (Ebersberg, Germany).
Site-directed mutagenesis
The mutants of CYP109E1 were generated by the QuikChange site-directed mutagenesis method using the plasmid pET17b_109E1 as template and Phusion polymerase for DNA replication (Thermo Fisher Scientific GmbH, Dreireich, Germany). The reactions were performed in 50 lL, using a gradient cycler (PTC-200 DNA Engine cycler). Twenty cycles were carried out as follows: initial denaturation at 95°C for 30 sec, denaturation at 95°C for 30 sec, annealing at 58°C for 30 sec, and extension at 72°C for 4 min. The oligonucleotide primers for mutagenesis are shown in Table S1 . Correct generation of the desired mutations was confirmed by DNA sequencing.
Expression and purification
A 30-mL preculture of E. coli C43 (DE3) cells carrying the pET17b_109E1 vector was grown overnight in LB medium containing 100 lgÁmL À1 ampicillin at 37°C (150 rpm).
This culture was used to inoculate a 1.2-L production culture, divided over four 2-L baffled flasks, in Terrific Broth (TB) medium containing 100 lgÁmL À1 ampicillin. Cultivation was continued at 37°C (150 rpm) until the OD 600 reached 0.5, after which 1 mM IPTG and 0.5 mM d-aminolevulinic acid were added to start protein expression and support heme synthesis, respectively. After 24 h of incubation at 30°C, 100 rpm, the cells were harvested by centrifugation (4500 g for 35 min) and the cell pellet was stored at À20°C until further use. All purification steps were performed at 4°C. For crystallization and spectral characterization of wild-type CYP109E1, a three-step purification procedure was applied, starting with resuspension of the cell pellet in 100 mL cold lysis buffer containing 50 mM Tris/HCl, pH 8.0, 1 mM EDTA, 20 mM NaCl, and 0.1 mM dithioerythritol, followed by the addition of 50 lgÁmL À1 PMSF. The mixture was sonicated for 15 min (15 sec on, 15 sec off) on ice and, subsequently, the same amount of PMSF was added. Cell-free extract was obtained by ultracentrifugation at 40 000 g for 35 min at 4°C. The supernatant containing CYP109E1 was loaded onto a 50-mL SOURCE 30Q anion-exchange column (GE Healthcare, Solingen, Germany) equilibrated with three column volumes of 20 mM Tris/HCl, pH 7.4, 0.1 mM dithioerythritol.
The column was washed with the same buffer before elution of CYP109E1 with a linear gradient of 0-500 mM NaCl. Fractions with the highest A 418 /A 280 ratio were combined and concentrated by ultrafiltration using a 30-kDa cutoff membrane (Amicon Ultra/Millipore). The protein concentrate was then manually loaded onto a Superdex 75 (200 mL) gel filtration column (GE Healthcare) and CYP109E1 was eluted with 50 mM potassium phosphate buffer, pH 7.4, 0.1 mM dithioerythritol. The fractions with the highest A 418 /A 280 ratio were pooled, diluted 1:5 with 5 mM potassium phosphate buffer, pH 7.4 and 0.05 mM dithioerythritol, before loading them onto a hydroxyapatite column (50 mL, Bio-Rad, Hercules, CA, USA). The column was washed with 10 mM potassium phosphate buffer, pH 7.4, 0.1 mM dithioerythritol, and CYP109E1 was eluted with a buffer concentration gradient ranging from 10 to 100 mM. Fractions containing purified CYP109E1 with an A 418 /A 280 ratio larger than 1.6 were collected, concentrated by ultrafiltration using a 30-kDa cutoff membrane, and stored at À80°C after flash-freezing in liquid nitrogen. For in vitro conversion experiments, the wild-type protein and its mutants were purified with an alternative one-step purification procedure. The cell pellets were resuspended in 50 mM potassium phosphate buffer, pH 7.4, containing 300 mM NaCl and 20% glycerol. Then, PMSF was added to a final concentration of 1 mM and the suspension was sonicated for 15 min (15 sec on, 15 sec off) on ice. Cell-free extract was obtained by ultracentrifugation at 30 000 rpm for 30 min, at 4°C. The supernatant was applied to immobilized metal ion affinity chromatography column (TALON, Takara Bio Europe, Saint-Germain-en-Laye, France) equilibrated with 50 mM potassium phosphate buffer, pH 7.4, containing 300 mM NaCl and 20% glycerol. The column was washed with 5 column volumes of the same buffer containing 20 mM imidazole, and the tagged protein was eluted with a buffer containing 150 mM imidazole.
Enzyme analysis
The UV/Vis spectra of the purified protein were recorded using a double-beam spectrophotometer (UV-2101PC, Shimadzu, Japan) from 200 to 700 nm. CYP109E1 concentrations were determined by CO-difference spectroscopy of the reduced protein, following the method of Omura and Sato [53] and using an extinction coefficient of 91 mM À1 Ácm À1 .
Protein purity was analyzed by SDS/PAGE.
Difference spectroscopy and determination of dissociation constants (K D )
Substrate-induced spin-shift states were studied via a double-beam spectrophotometer (UV-2101PC, Shimadzu, Japan), using tandem quartz cuvettes, according to the method of Schenkman and Jansson [54] . One of the cuvette chambers contained the purified CYP109E1 protein solution (10 lM) in 50 mM potassium phosphate buffer, pH 7.4, while the other chamber was filled with the corresponding buffer only. The steroids were dissolved in DMSO (2.5-20 mM stock solutions) and the enzyme solution was titrated with increasing amounts of testosterone or corticosterone, in the range of 0-200 lM or until saturation was reached, while the spectrum was recorded between 350 and 500 nm. All titrations were carried out in triplicates. The data were analyzed by plotting the peak-to-trough differences (DA: A max ÀA min ) against the steroid concentrations. The subsequent hyperbolic fitting was performed using ORIGIN software (OriginLab Corporation, Northampton, MA, USA), and the equilibrium dissociation constants (K D ) were determined with a regression coefficient of R 2 = 0.99.
In vitro substrate turnover
The in vitro turnover of tested steroids was performed in a final volume of 250 lL, using 50 mM potassium phosphate buffer with 2% glycerol, pH 7.4, at 30°C for 30 min. The reconstituted system contained CYP109E1 (1 lM), bovine Adx 4-108 (20 lM), AdR (2 lM), a NADPH-regenerating system (1 mM MgCl 2 , 5 mM glucose-6-phosphate, 1 U glucose-6-phosphate dehydrogenase) and 200 lM of the corresponding steroid dissolved in DMSO. The reactions were initiated by the addition of NADPH to a final concentration of 1 mM, then stopped and extracted twice with the addition of 250 lL of ethyl acetate. The samples were centrifuged (10 000 rpm, 10 min), the organic phases were combined and evaporated until complete dryness and, after resuspension, analyzed by HPLC. Since, the absorption properties of the products did not differ from the respective substrates, the product formation was calculated from the relative peak area (area %) of the HPLC chromatograms, dividing each respective product peak area by the sum of all peak areas.
Whole-cell conversion with Bacillus megaterium MS941
The in vivo conversions were done with the B. megaterium strain MS941 [51] . The MS941 cells were transformed with the pSMF2.1E vector, using the polyethylene glycol-mediated protoplast transformation method [55] . First, a 50-mL overnight culture was prepared, inoculated from a À80°C glycerol stock of the transformed MS941 cells. This culture was then used to inoculate the main culture in a 300-mL baffled shake flask filled with 50 mL complex medium. The main culture was incubated, until the OD 578 reached 0.4, when the protein expression was induced by the addition of xylose at a final concentration of 5 mgÁmL
À1
. After 24 h, the cultures were harvested by centrifugation (15 min, 10 000 g, 4°C) and the pellets resuspended in 50 mL of 50 mM potassium phosphate buffer, pH 7.4. The substrates, dissolved in DMSO, were added at a final concentration of 200 lM. The 500 lL samples were taken from the cultures at fixed time points, followed by extraction and HPLC analysis. To obtain sufficient product quantities for structural analysis by NMR spectroscopy (mg range), the volume of the main culture was increased to 750 mL (3 9 250 mL) in 2-L baffled flasks. After a 24-h expression period, the cultures were harvested by centrifugation, resuspended in 375 mL of 50 mM potassium phosphate buffer, pH 7.4, and the corresponding substrates were added at a final concentration of 300 lM. Following the conversion, the cultures were extracted twice with ethyl acetate, the organic phases were combined and evaporated (Rotavapor R-114; B € UCHI Labortechnik AG, Flawil, Switzerland). The purification and isolation of products was carried out by preparative HPLC.
HPLC analysis and product isolation
The HPLC analyses were carried out with a Jasco system (Pu-980 HPLC pump, AS-950 sampler, UV-975 UV/visible detector, LG-980-02 gradient unit; Jasco, Gross-Umstadt, Germany), using a reversed-phase ec MN Nucleodur C 18 (3 lM, 4.0 9 125 mm) column (Macherey-Nagel, Bethlehem, PA, USA) kept at an oven temperature of 40°C. The steroids were eluted using a gradient method, starting with a mobile phase consisting of acetonitrile:H 2 O in a ratio of 1:9, increasing it to 1:1. The flow rate was 1 mLÁmin À1 and the UV detection of the substrate and product was accomplished at 240 or 254 nm. For product isolation, the dissolved extracts were filtered (Acrodisc Ò PTFE syringe filter, 0.45 lm, PALL) and injected to a reversed-phase ec MN Nucleodur C 18 (5 lM, 8.0 9 250 mm) column (MachereyNagel, Bethlehem, PA, USA). The HPLC run was carried out analogously to the analytical HPLC conditions with an increased flow rate of 2.5 mLÁmin À1 . Fractions were collected with an Advantec CHF122 SB fraction collector, combined, and evaporated on a rotary evaporator (Rotavapor R-114 from B € UCHI Labortechnik AG).
NMR spectroscopy
The NMR spectra were recorded in deuterated chloroform (CDCl 3) with a Bruker DRX 500 or a Bruker Avance 500 NMR spectrometer at 300 K. C NMR, DEPT135) and the 2D NMR spectra (gs-HH-COSY, gs-NOESY, gs-HSQCED, and gs-HMBC) were recorded using the BRUKER pulse program library. All assignments were based on extensive NMR spectral evidence.
Crystallization
After thawing, aliquots of purified CYP109E1 were buffer exchanged to 20 mM Tris/HCl, pH 8.0, 0.1 mM Data collection and structure determination X-ray diffraction data were collected at the ID29, ID23-1, and ID23-2 beam lines of the European Synchrotron Radiation Facility (ESRF), Grenoble, all equipped with Pilatus detectors. Additional data were recorded using an in-house rotating anode X-ray source (Bruker MicroSTAR) and an image plate detector (mar345 TM ). Single crystals of CYP109E1 were used to obtain diffraction datasets in the 2.55-2.1 A resolution range. Reflections were indexed and integrated using iMosflm [56] or XDS [57] , while scaling and merging of the data was done with AIMLESS from the CCP4 software suite [58] . The structure of native CYP109E1 was solved by molecular replacement with Phaser from the PHENIX suite [59] , using the structure of HmtT from Streptomyces himastatinicus (PDB ID 4ggv, 39% sequence identity) as a search model. Two protein molecules were located in the asymmetric unit, consistent with Matthew coefficient calculations indicating a solvent content of 61%. Automatic model rebuilding using routines in PHENIX yielded approximately 80% of the polypeptide model. The model was completed by iterative cycles of model building with Coot [60] and structure refinement with Phenix.refine [61] . The structure of substrate-free CYP109E1 then served as a starting point to solve the CYP109E1 steroid-bound structures. At the final stages of refinement, water molecules were added to the structures based on peaks in the electron density maps and using strict interaction criteria. The quality of the refined protein models was validated using MolProbity [62] .
Structure analysis
Pairwise comparison of the obtained structures with other P450 structures and RMSD calculations were done with the PDBeFold engine [63] Protein-ligand interactions were analyzed by LigPlot+ [64] . Substrate recognition sites (SRS) in CYP109E1 were identified based on alignment with P450 cam and the description provided by Gotoh [29] . The respective residue ranges in CYP109E1 are: SRS1 67-89, SRS2 165-171, SRS3 187-194, SRS4 230-249, SRS5 286-295, and SRS6 388-395.
Molecular dynamics simulations
Molecular dynamics simulations were performed using the CYP109E1-TES crystal structure as a starting model, following the same procedure as previously described [33] . First, testosterone and all water molecules were removed from the crystal structure, and the heme and its cysteine ligand were replaced by a model of heme compound I covalently bound to cysteine. The tested ligand (testosterone or corticosterone) was then manually placed back in the binding pocket using PyMOL (Schr€ odinger, Cambridge, MA, USA). Testosterone was placed in 10 different starting orientations where the distance between the C16b hydrogen and the ferryl oxygen atom of heme compound I was less than 4
A. Corticosterone was placed in starting orientations similar to the COR-1 steroid orientation in the CYP109E1-COR4 crystal structure. To ensure extensive conformational sampling, ten 100-ns MD simulations with different initial orientations of the steroid were performed for each CYP109E1-steroid system, and the AMBER03 force field [65] in GROMACS version 5.0.4 was used [66] . Force fields for testosterone and corticosterone were generated by use of the structures derived from the PubChem database [67] and subsequent energy minimization in YASARA (www.YASARA.org). The RESP partial charges of the molecules were calculated using the R.E.D webserver with the RESP-A1B charge model [68] . The force field was built with the ANTECHAMBER module of AMBER 10 [69] and converted into the GROMACS topology format. The force field of the cysteine-heme compound I complex was used as previously described [70] . An octahedral water box of SPC/E water with periodic boundaries at least 1.2 nm from the protein was used. Simulations were run at 300 K and 1 bar. Pressure coupling was performed with a Parrinello-Rahman barostat [71] . The Nose-Hoover coupling scheme was used to maintain the temperature, with coupling constant of 0.5 ps [72] . Initial velocities were randomly assigned. The LINCS algorithm was applied to constrain all bonds containing hydrogen atoms [73] . Seventeen sodium counter ions were added to maintain the neutral charge of the systems. Long-range electrostatic interactions were treated by using the particle-mesh Ewald method [74] . Energy minimization was performed using the steepest descent method with positional restraints on protein heavy atoms and a maximum allowed force of 1000 kJÁmol
À1
Ánm
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. A 2-fs time step was used and coordinates were saved every 1000 steps (2 ps). To determine near-attack conformations the distance between the 16a or 16b hydrogen and the ferryl oxygen of compound I ferryl oxygen was measured. In case of simulations with testosterone, additionally the distance between the 17a hydrogen and the ferryl oxygen was measured. Angles between the C16 or C17 carbon, their hydrogens and the ferryl oxygen were also measured. Based on the previously described cutoffs [33] [34] [35] , ligand conformations were considered near to attack, if at least one of the measured distances was < 3.5 A and the angle was 180 AE 45°. All other conformations were considered nonproductive. The number of frames in MD trajectories suggesting pro-16a, pro-16b, pro-17a, and nonproductive conformations were counted and expressed as percentages.
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